A study was undertaken of the regeneration of three activated carbons exhausted with ortho-chlorophenol. The regeneration process was carried out using liquid water at 623 K and 150 atm in the absence of oxygen. The efficiency of this procedure was analyzed by determining the rate and amount of ortho-chlorophenol adsorbed in successive adsorption-regeneration cycles. The present procedure showed a much greater efficiency than that reported for chemical and/or thermal regeneration. Effects of this regeneration on the adsorption kinetics, adsorption capacity and textural characteristics of the carbon were investigated. The increase in adsorption capacity of the regenerated carbon compared with that of the original carbon seems mainly due to the opening of porosity during the regeneration treatment. r
Introduction
Activated carbons are used in water purification processes because of their large surface area and adequate pore size distribution. In previous papers [1, 2] we reported that activated carbons obtained in our laboratory from agricultural by-products (olive stones and almond shells), Spanish lignites, and bituminous coals had a high capacity to adsorb phenols from aqueous solutions. Phenols have been designated ''priority pollutants'' in clean water legislation and have been declared the main challenge for water treatment programs. Chemical regeneration [3] , thermal regeneration [2] [3] [4] [5] , and chemical/thermal regeneration [6] have all been used to enable the reutilization of saturated activated carbons. Evidently, the regeneration of this material is of great economic interest.
When these activated carbons were chemically regenerated by treatments with acetone, methanol, ethanol or benzene [3] , the amount of adsorbate removed was a function of the accessibility of the organic solvent into the micropore network of the carbon, the solubility of the adsorbate in the organic regenerant, and the adsorbate-carbon surface interactions.
When the spent activate carbons were thermally regenerated, by heating them to 1100 K in an inert flow [2] [3] [4] [5] , the physisorbed fraction evolved at low temperatures as heavy compounds, while the chemisorbed fraction was degraded at high temperatures to light gases and heavy products that evolved from the surface of the activated carbon, and to a carbonaceous residue or polymer that remained on the surface of the carbon.
When the activated carbons were regenerated by means of a two-step process (chemical and thermal regeneration) [6] , the amount of adsorbate removed increased in comparison to the other two treatments mentioned above, obtaining, in some cases, percentages of adsorbate removed close to 100% of the amount adsorbed.
In a previous paper [7] we proposed a new procedure for the regeneration of activated carbons based on thermal desorption with liquid water at high pressure and temperature (150 atm and 623 K) in the complete absence of oxygen. We found that the efficiency of the procedure was very high and the adsorption capacity of carbons remained constant and even, in same cases, slightly exceeded that of the original carbon with successive adsorption-regeneration cycles. This technique is an attractive option for the removal of contaminants from activated carbon and presents several advantages over conventional regeneration methods. Thus, carbon is not oxidized and no losses of carbon occur during the treatment, unlike in thermal regeneration, and the high cost of chemical reagents used in chemical regeneration is avoided. Moreover, it is a regeneration procedure that consumes less energy than thermal regeneration.
The present work is aimed to study the regeneration of three ortho-chlorophenol-saturated activated carbons by thermal desorption with liquid water at high pressure and temperature, carrying out successive adsorptionregeneration cycles and determining its adsorption capacity and textural characteristics after regeneration. The results obtained with this procedure were compared with those previously obtained when the other three procedures mentioned above (chemical, thermal, and chemical-thermal regeneration) were used.
Experimental

Activated carbons
Three activated carbons were used in this study. Two of them were obtained by the activation of olive stones in CO 2 at 1113 K for 30 h (sample H30), and for 13 h (sample H13). These carbons were used in previous studies of the removal of chlorophenols [1] , and gallic acid [8] , from aqueous solutions, as well as in studies of their regeneration using the three procedures mentioned above [3] [4] [5] [6] . The procedures followed to obtain and characterize these activated carbons are described in detail elsewhere [1, 8] .
The third carbon sample used was a commercial one (carbon Norit RO 0.8). This is an extruded carbon, suitable for a wide range of applications. Its unique particle shape gives an extremely low hydrodynamic pressure drop in liquid phase applications. This feature combined with its dedicated pore size distribution, and its superior hardness makes Norit RO 0.8 particularly suited for use in liquid-phase adsorption systems.
Before the activated carbon underwent the orthochlorophenol (OCP) adsorption-regeneration experiments, it was repeatedly washed with boiling distilled water and dried in an oven at 423 K. Their particle size was 0.15-0.50 mm. All activated carbon samples (original, treated, and regenerated) were characterized by means of N 2 adsorption at 77 K, CO 2 adsorption at 273 K, and mercury porosimetry.
Adsorption-regeneration cycles
The OCP adsorption-regeneration cycles were carried out using equipment described in a previous paper [7] , and both a scheme and a description of its manipulation were published elsewhere [9] . Briefly, the equipment consisted of a continuous flow reactor where the carbon sample (0.3309 g) was placed and kept at 300 K. An aqueous solution of OCP of known concentration (0.806 or 0.522 mmol L À1 ) was passed through the carbon at a constant flow rate of 4.0 cm 3 min À1 for around 4 h. The concentration of the effluent stream was continuously analyzed with an UV-VIS spectrophotometer Shimadzu, model UV-1603, at 274 nm. The adsorption breakthrough curves were obtained from these experiments by plotting the OCP concentration in the effluent solution against time. The effluent solution was kept in a flask, and the amount of OCP adsorbed on the activated carbon was determined by difference between the solution concentrations before and after passing through the carbon bed.
After this adsorption experiment, the activated carbon sample was regenerated in the same reactor. For this purpose, twice-distilled degassed water was circulated (4 cm 3 min
À1
) through the carbon bed thermostated at 623 K (50 K min À1 ) for 90 min, at a pressure of 150 atm; at these experimental conditions, the circulating water is in the liquid phase. These adsorption-regeneration cycles were repeated four times. The regeneration yield was calculated by means of the following expression:
In order to know the textural changes suffered by the activated carbons during the regeneration process, once the carbon was used in four adsorption-desorption cycles (regenerated carbon sample), it was texturally characterized and the values of its textural parameters were compared with those of the fresh activated carbon. Thus, the surface area (S N 2 ) was determined by applying the BET equation to the N 2 adsorption isotherm obtained at 77 K; the micropore volume (V o ) was determined by applying the Dubinin-Radushkevich equation to the CO 2 adsorption isotherm at 273 K; the pore size distribution was obtained by mercury porosimetry up to 4200 kg cm -2 (Quantachrome Autoscan 60 porosimeter). Additional details on all these methods have been reported elsewhere [10, 11] .
In order to study the textural changes undergone by the carbons under the experimental conditions used to carry out the regeneration process but in the absence of OCP, a fresh activated carbon sample was treated with water in the above equipment under the same experimental conditions used in the regeneration process (623 K and 150 atm for 90 min). The sample obtained, denominated treated carbon, was texturally characterized following the same experimental methods used for the regenerated sample.
Adsorption isotherms
For the determination of OCP adsorption isotherms on the original, regenerated, and treated activated carbon, a sample of 0.3309 g of activated carbon was placed in a stainless steel column of 1=4 00 external diameter and 3.2 mm internal diameter. A dosing pump was used to recirculate through the carbon, in a closed circuit, an aqueous solution of OCP of known concentration. The column with the carbon bed was maintained at a constant temperature (300 K) by means of a thermostatic bath.
When equilibrium was achieved, the amount of OCP adsorbed was calculated as the difference between the initial concentration of OCP and that which remained in the solution at equilibrium. The adsorption isotherm was obtained point-by-point by the introduction of successive loads of OCP. The time required to reach equilibrium was 24 h with a flow of 4 cm 3 min À1 . The transfer of OCP from the solution to the carbon is more efficacious with this recirculation procedure than with the usual agitation methods. Thus, the time needed to reach equilibrium is shortened, the attrition of the carbon produced by agitation is avoided, and any possible degradation of the OCP solution with time is minimized.
Results and discussion
In this section, the discussion of the results obtained will focus on analyzing the effect of the carbon regeneration on: the adsorption kinetics, the adsorption capacity, and the textural characteristics of carbon.
Effect of regeneration on the adsorption kinetics
The effect of the regeneration treatment on the adsorption rate of the carbon samples was determined by analysis of the breakthrough curves of the original and regenerated carbons. The adsorption kinetics read from these curves because they represent the effluent concentration as a function of time. Thus, the lower the effluent concentrations the higher the adsorption rates. Fig. 1 (carbon H30), Fig. 2 (carbon H13) and Fig. 3 (carbon RO 0.8) show the breakthrough curves of OCP on the original and regenerated carbon. The numbers on the curves indicate the number of adsorption-regeneration cycles undergone by the carbon. The three carbons showed an increase in adsorption rate with the first and second regenerations (curves 1 and 2 under curve 0), and a slow decrease with the third regeneration (curve 3 above the curve of the original carbon). The amounts of OCP adsorbed by the original carbon and after each regeneration were determined and the regeneration yield was also calculated using Eq. (1). All these results are listed in Table 1 was slightly above 100% in the first regeneration for the three carbons, and in the second regeneration for carbons H13 and RO 0.8, and slightly below 100% in successive regenerations, when compared with the amount of OCP adsorbed by the original carbon. In none of the cases, and for all the activated carbon samples assayed, did any losses of carbon mass due to the treatment occur. Similar results were obtained when using other activated carbons as adsorbents of pollutants such as: phenol, nitrophenol, pesticides, and coloring matter [9] . These percentages of regeneration are much higher than those obtained for the H30-OCP system in earlier studies using chemical and thermal regeneration [2] [3] [4] [5] . The maximum percentage regeneration achieved by chemical regeneration reached 38% with ethanol as solvent, while considerably lower percentages were obtained when acetone, methanol or benzene were used. With regard to thermal regeneration, the percentage of OCP removed by thermal regeneration reached 58%, which indicates the strong interactions between carbon surface and OCP molecules. In previous papers [2] [3] [4] [5] , it was reported that phenolic compounds are adsorbed onto carbon surface in two different ways: physically and chemically. The physically adsorbed part is thermally removed, whereas the chemically adsorbed fraction is degraded and pyrolized onto carbon surface at high temperatures before it can be desorbed. Thus, the classical chemical and/or thermal regeneration of OCPexhausted activated carbon is incomplete.
The excellent results obtained in the present work, using regeneration with subcritical water, can be attributed to the fact that this procedure combines thermal and chemical regeneration. In liquid phase at high temperatures, water displays a series of properties that make it an excellent solvent for organic compounds [12] . As the temperature increases, the dielectric constant of water decreases, enhancing its solvent properties. Other physicochemical properties of water, such as density, viscosity, and surface tension, also decrease with temperature, so that its dynamic characteristics improve, allowing a high degree of penetrability through porous solids.
Effect of regeneration on the textural characteristics of carbon
Some textural characteristics of the original carbon, treated carbon, and regenerated carbon are given in Table 2 . All data shown in Table 2 have a high accuracy, since their errors are lower than 0.1%. For the three carbons, when the original activated carbon was regenerated four times there was a slight decrease in S N 2 ; and V 2 ; and an increase in V 0 ; and V 3 with regard to the respective values of the original sample. These results indicate slight destruction of mesopores and creation and/or opening of micropores and macropores during the regeneration process. This phenomenon is clearly observed in Fig. 4 , which depicts, as an example, the pore size distributions of the three carbon samples from H30 (original, regenerated, and treated) obtained from the mercury porosimetry experiments. Table 2 also shows that the values of V 0 ; V 2 and V 3 increased in the treated sample with regard to the respective values of the original sample. No significant differences were detected between the apparent densities of the original, treated or regenerated carbon samples.
According to these results, the enhancement of the adsorption capacity (discussed below) of the treated carbon sample may be in part explained by a more easily accessible microporosity and more developed meso-and macro-pore network of the treated carbon compared with the original carbon. This development of the porosity of the carbon may be explained by the great extraction and solubilizing capacity of subcritical water, which is able to increase porosity by removing micropore constrictions and widening micropores.
Comparison of the textural parameters showed a decrease in both surface area and pore volume of the regenerated sample in comparison with the treated sample. This decrease may be due to chemisorbed OCP, which, instead of being evolved by the regeneration treatment, is decomposed on the carbon surface, closing some pores and blocking the apertures of others with the products of this decomposition.
Effect of regeneration on adsorption capacity of carbon
Another parameter studied to evaluate the efficacy of the regeneration procedure was the adsorption capacity of the carbon samples at equilibrium. Figs. 5-7 show the adsorption isotherms of OCP on H30, H13 and RO 0.8 activated carbon samples (original, treated, and regenerated). All these isotherms showed a very good fit with the Langmuir equation, from which the adsorption capacity, X m ; the constant, B; and the relative affinity, BX m ; were obtained ( Table 3) .
The adsorption capacities of the three original activated carbons increase in the order H13oR-O0.8oH30 (Table 3) , which should be related to their textural characteristics (Table 2) . Thus, an increase in the surface area and porosity of carbon brings about an enhancement in its adsorption capacity; in fact, the values of the textural parameters S N 2 ; V 0 ; V 2 ; and V T of these carbons follow the same order observed for their adsorption capacities.
For the three activated carbons, the treated carbon sample adsorbed more OCP over the whole Table 2 Characteristics of original, treated, and regenerated activated carbons
Original concentration range than did the regenerated sample, and the latter adsorbed more than did the original carbon. Thus, their adsorption capacity slightly decreased in the order: treated carbon>regenerated carbon>original carbon. In contrast, the order of the decrease in B and BX m values was the reverse: original>regenerated>treated, indicating that the adsorbent-adsorbate interactions and relative affinity decreased in this latter order.
According to the above results, the carbon samples treated with subcritical water (regenerated and treated samples) enhanced their adsorption capacity. The fact that the regenerated carbons (subjected to four adsorption-regeneration cycles) presented a greater OCP adsorption capacity than did the corresponding original carbons is of great importance, demonstrating the great efficacy of the regeneration process employed in the present study. This is evident when these results are compared with those of a previous study [2] of the thermal regeneration (at 1100 K in He atmosphere) of activated carbon exhausted with different substituted phenols. It was found that the carbon adsorption capacity decreased as the number of adsorptionregeneration cycles increased. The extent of this decrease depended on the phenol type. In some cases, after four regeneration cycles, this reduction was around 80% of the original capacity to adsorb phenols. Naturally, this reduction in the adsorption capacity represents a shortcoming of the above regeneration processes for the reutilization of activated carbons in water treatments.
The small increase in the adsorption capacity of both treated and regenerated carbons with regard to the original one (Table 3) can be explained according to the slight increase in the micropore volume with the treatment. Thus, for the three activated carbons, both parameters, micropore volume (Table 2) and adsorption capacity (Table 3) follow the same order, originaloregeneratedotreated. The opening of porosity with the regeneration treatment favored, therefore, the OCP adsorption on the carbon samples.
Conclusions
Analysis of the breakthrough curves and data listed in Table 1 shows the efficacy of the regeneration procedure with subcritical water to be very high, especially in comparison with the efficacy of other regeneration methods for the same system.
When the original carbons were treated with subcritical water, prior to their use, appreciable improvements were observed in the development of their porosity and, therefore, in their adsorption capacity.
The slight decrease in the amount of OCP adsorbed in successive regeneration cycles occurs because part of the OCP is strongly adsorbed and is not completely removed from the surface of the carbon. 
